Introduction
[2] Subduction zones are where oceanic lithosphere is recycled into Earth's interior [Stern, 2002] , and where the largest, devastating megathrust earthquakes rupture when plate motion accumulates tectonic stresses on the locked, seismogenic zone of the plate interface. Moving downdip along the plate interface, from this cold and brittle zone, the increasing pressures, temperatures, and slab dehydration/ metamorphic reactions generate a transition in frictional behavior from stick slip to stable sliding [e.g., Hyndman and Wang, 1993; Scholz, 1990] . Recent observations have now revealed slow slip episodes (SSE) that occur regularly in this deeper transitional zone with motion indicating release of accumulated strain [Dragert et al., 2001; Lowry et al., 2001; Ozawa et al., 2002] . The duration of these episodes is much greater than earthquakes, yet they are accompanied by lowlevel seismic vibrations (nonvolcanic tremor, NVT) [Obara, 2002; Rogers and Dragert, 2003; Szeliga et al., 2004] . While this episodic tremor and slip (ETS) has been proposed to impact the likelihood of megathrust earthquakes [Mazzotti and Adams, 2004; Hirn and Laigle, 2004; Kodaira et al., 2004] , processes that govern ETS and potential relationships to major earthquakes remain unknown.
[3] NVT was discovered in Nankai subduction zone, and was originally interpreted as hydraulic fracturing due to subducting oceanic slab dehydration/metamorphic reactions [Obara, 2002; Katsumata and Kamaya, 2003] . Subsequently, NVT has been observed in other subduction zones including Cascadia, Alaska, Costa Rica [Schwartz and Rokosky, 2007] , the Guerrero area of Mexico [Payero et al., 2008] ; and even in the dextral strike-slip San Andreas fault [Nadeau and Dolenc, 2005] . Compared to ordinary earthquakes, subduction zone NVT activity is not easily detectable or located with traditional earthquake routines. This is mainly due to their weak, emergent waveforms that obscure arrival times, and limited frequency range of 1 to 10 Hz that may be overprinted by local microseismicity. NVT signals persist for longer durations than earthquakes, varying from minutes to several days, but they do contain bursts of energy lasting a few seconds that are best seen in horizontal components and have moveouts consistent with S wave phase arrivals. When recorded clearly by a dense network in Japan, stacking of similar NVT seismograms have revealed P wave energy as well [Shelly et al., 2006] . Detailed analysis of NVT in Japan indicates they occur at the plate interface and have thrust mechanisms, suggesting that shear faulting is an alternative hypothesis for the origin of NVT [Ide et al., 2007b; Shelly et al., 2007] .
[4] Our study focuses on the Middle American subduction zone, which has frequent great earthquakes close to large cities such as the 1985 Michoacán earthquake that caused 10,000 casualties and billions of dollars of damage [e.g., Beck and Hall, 1986] . The Oaxaca segment offers an ideal opportunity for detailed studies of ETS and megathrust seismicity due to its relatively rapid convergent rates, unusually shallow subduction angle, and short megathrust earthquake recurrence intervals (decades) [Anderson, 1989; Kostoglodov and Ponce, 1994] . In particular, the ∼50 km trench-to-coast distances bring the seismogenic and transitional zones of the plate interface greater than 100 km inland, such that in depth geophysical studies are possible within coastal Oaxaca (Figure 1 ). Continuous GPS recording in Oaxaca that began 14 years ago [e.g., Márquez-Azúa and DeMets, 2003], constituting the longest continuous GPS record in southern Mexico, defines ten distinct episodes of transient slip from 1993 to 2007 Correa-Mora et al., 2008 . Considering the correlation between slow slip events and NVT elsewhere [e.g., Rogers and Dragert, 2003 ], we designed a joint seismic GPS array in and around the Oaxaca state to determine whether slow slip events are accompanied by tremor and/or microseismicity, and if so, what the patterns are in space and time.
[5] In this study, we establish that episodic NVT signals similar to other subduction zones occur in Oaxaca. We then proceed to investigate the spatial and temporal distribution of NVT within the state of Oaxaca, including the duration, recurrence, and along-strike distribution of NVT episodes. Finally, we discuss NVT source locations in the context of other observed phenomenon, including megathrust earthquakes, microseismicity, slow slip events, ultraslow velocity zones and high conductivity zones.
Existence of Nonvolcanic Tremor in Oaxaca
[6] The new joint seismic GPS network includes seven portable Güralp CMG-3T three-component broadband seismometers installed in the summer of 2006. The broad network was specifically designed to detect and monitor NVT and microseismicity signals along the Oaxaca segment (Figure 1 ). The seismic stations are distributed inland over an area of ∼300 km east-west and 200 km north-south with nominal ∼80 km station spacing, and pockets of higher density GPS instrumentation Correa-Mora et al., 2008 . This study examines the first ∼15 months of seismic recording from June 2006 to September 2007. We do not discuss data from the northwestern station OXBV in detail as we found it was far enough away from the remaining stations that it typically only showed signals consistent with the rest of the network during larger earthquakes. The remainder of the network was used to characterize whether NVT exists in our network during the 15 month time span.
[7] Our search for NVT began with visual inspection of bandpass (1-5 Hz) filtered day-long waveforms from the network to see whether there were coherent changes in amplitude across the network. We found many cases where the amplitudes waxed and waned coherently at neighboring stations for several days (Figure 2 ). The emergent nature and long durations of the apparent NVT signals clearly distinguish them from earthquakes [e.g., Obara, 2002] , where earthquakes appear as thin vertical bars in day-long seismograms. The coherent changes in amplitude between neighboring stations over minute-to-hour time scales indicate they are not due to cultural noise local to a given site which would be variable from station to station on those time scales. The fact that not all network sites show the raised amplitudes during a given episode and that they appear strongest on inland stations further indicates they are more likely due to NVT than weather-related noise. The latter issue was also addressed by confirming that storms are not responsible for any of the apparent NVT episodes documented in this study (http://www.solar.ifa.hawaii.edu/ Tropical/Data/). Instead, Figure 2 shows 8 examples of days with increased activity in the tremor passband throughout the 15 months of recording.
[8] We next examine bursts of energy within the time periods of raised amplitudes to see whether they are consistent with a coherent nonearthquake source. These bursts of energy have typical durations of 10 s, and the filtered envelope seismograms show relative arrival times between stations with an expected moveout pattern for events within our network (Figure 3 ). These moveouts are the primary information used to investigate source locations in section 4. We also produced spectrograms for the bursts of energy to confirm that the signals are primarily restricted to the 1-10 Hz passband expected for NVT (Figure 3) [e.g., Obara, 2002] , whereas local earthquakes typically have prominent energy above 10 Hz. This last comparison is important because microseismicity is common in this region, so it was checked on a regular basis to confirm the authenticity of NVT signals.
[9] To further illustrate the different frequency content of the tremor signals relative to local earthquakes and background noise, we follow the approach of previous researchers to calculate the amplitude spectra of each type of signal recorded in our data [Kao et al., 2006; Shelly et al., 2007] . To ensure frequency spectra are representative of source characteristics with minimal path effects, we only analyze seismograms with high signal-to-noise ratios recorded within 50 km of the earthquake or tremor epicenter. For each seismogram, the signal segment is taken from 1 s before to 9 s after the arrival of the largest amplitude (a total of 10 s), whereas the background noise is taken from a relatively quiet portion away from the signal segment. To make a more meaningful comparison between tremors and earthquakes with different magnitudes, we normalize both the signal and noise spectra against the amplitude of background noise at 1 Hz at each station. Finally, frequency spectra of all seismograms from the same type of signal are stacked by taking the median value at each frequency to give typical spectrum curves (Figure 4 ). Tremor spectra are from all episodes analyzed in section 4, while seismograms of local earthquakes are sorted by magnitude as determined by a preliminary study of local seismicity within the network [Jensen et al., 2008] . In general, the tremor frequency spectra show relatively large amplitudes in the frequency range of 1-5 Hz with a rapid falloff at higher frequencies (5-20 Hz). At 1 Hz and below, the amplitudes of tremor spectra are comparable to those of earthquakes with M L ∼ 1 and background noise. For higher frequencies, however, even small earthquakes are able to excite much more high frequency content than tremor et al., 2008, 2009] . Black ovals are approximate rupture zones of large subduction thrust earthquakes over the past 50 years as estimated from locations of rupture aftershocks [e.g., Astiz and Kanamori, 1984; Courboulex et al., 1997; Singh et al., 1980 Singh et al., , 1997 Stewart et al., 1981; Tajima and McNally, 1983] . Straight line is a profile of magnetotelluric measurements with areas of high conductivity near the subduction interface highlighted in yellow [Jödicke et al., 2006] . Dotted lines are isodepths of the subducting plate from analysis of seismicity [Pardo and Suarez, 1995] . Blue circle indicates where an ultra-slow velocity layer has been detected, and dashed circle indicates where it is absent. Colored background illustrates elevation and bathymetry. sources. This contrast in frequency characteristics has led many to suggest tremor and earthquakes are fundamentally different source processes.
Prevalence of Nonvolcanic Tremor in Oaxaca
[10] To quantitatively investigate when NVT is occurring in our network over the full 15 month time span, we utilize an automated NVT scanning method [Brudzinski and Allen, 2007] . This technique begins by removing the instrument response and applying a filter with a passband of 1-6 Hz. Next, it takes the absolute value and calculates the envelope, before finding the mean amplitude of the whole hour-long time series. Since various nontectonic factors can influence the amplitude, we limit our analysis to hours when culturegenerated noise is at a minimum and exclude hours during which signals from known, large earthquakes or other spikes, such as those used for instrument calibration, are present. To help reduce longer-term noise trends that can exist at a few stations, we high-pass filter the entire mean amplitude time series to signals with periods less than about a week. Last, we average amplitudes over a four-day moving window to help accentuate sustained tremor activity. It is typical to normalize values in this last step, but since all of the instruments in this network are identical, we preserve the actual amplitude values to help illustrate relative amplitude differences between peak activity at inland stations OXPL, OXNC, and OXEC versus those at coastal stations OXTT and OXET.
[11] In the final time series, large peaks suggest periods during which NVT dominates the seismic recordings ( Figure 5 ). We find 12 time periods when peaks rise above background noise in the mean amplitude time series at greater than 99% confidence interval during the 15 months analyzed (5 at OXNC, OXTT or OXPL; 1 at OXSV; 6 at OXEC). There are also 6 different time periods when peaks exceed the 95% threshold (3 at OXNC, 1 at OXSV, and 2 at OXEC). We were able to confirm NVT in each case by inspecting individual seismograms and corresponding spectrograms. For example, Figure 2 shows how stations have large seismogram amplitudes over the course of a day during each of the 4 largest peaks in the OXEC mean amplitude time series (Figure 2a ) and during 4 peaks in the OXNC time series (Figure 2b ).
Location of Nonvolcanic Tremor in Oaxaca
[12] For our analysis of NVT source locations, we begin by investigating all 18 time periods that exceeded either the 99% or 95% threshold in the mean amplitude time series. For each episode, we attempt to determine locations of bursts of activity during the nighttime hours with the largest mean amplitudes, presumably when tremor is most active and clearly defined. We then examine tremor activity on a daily basis during a 5 month time period spanning the slow slip events to see whether tremor locations can be obtained at times outside the prominent episodes. Following these broader searches, we focus on the best recorded episode of NVT in July 2006 to examine the hypocentral patterns of the best constrained locations for a single episode (Figure 2 ). This episode was selected in part due to the lack of data recording at western station OXPL after September 2006 and at central station OXSV from mid-March to mid-May 2007.
Source Location Approach
[13] We developed a semiautomated algorithm for finding individual bursts during hours with large mean amplitudes in the NVT passband, and use relative arrival times across our network to determine the source locations. This process begins the same way as the mean amplitude scanning algorithm that removes the instrument response from an hour-long seismogram, bandpass filters at 1-6 Hz, takes the absolute value and calculates envelope seismograms. Considering the similarity in processing, it was natural to focus our attention on hours with large mean amplitudes. To help clarify the bursts of energy in a given hour from station to station, we smooth the envelopes with a 0.06 low-pass filter and stack the three components to enhance NVT signals with respect to background noise. We initially attempted our analysis using single horizontal component seismograms, but found for a given event that the most prominent S wave arrivals occurred on different components depending on the station back-azimuth and incidence angle. Stacking the components together gave a more reliable recording of the Figure 4 . Comparison of frequency spectra between nonvolcanic tremor, local earthquakes, and background noise in the Oaxaca seismic network. All waveforms are calibrated to the same short-period velocity sensor and gain range before spectra are calculated. Tremor spectra differ markedly from local earthquakes at frequencies higher than 5 Hz, even when amplitudes are similar amplitudes near 1 Hz. Figure 3a shows smoothed envelope waveforms (curves) for stations from west to east (curves), with phase pick marked by the vertical line. Small map inset shows stations (triangles) and epicenters (crosses for our method, circles for earthquakes from Jensen et al. [2008] ). Figure 3b shows a 1-20 Hz filtered seismogram from (top) a station near the epicenter and (bottom) its corresponding spectrogram.
tremor signal, as opposed to simply reducing the noise. For each waveform used to determine our best events discussed below, the average signal-to-noise ratio for the stacked components are 3.5, whereas the average for any individual component was no larger than 2.6.
[14] To identify when signals are most active across our network, we examine a stack of all the station time series together. We use STA/LTA ratios greater than 2 (time windows are 10/100) to target distinct prominent pulses rising above background noise in this network activity time series. For each peak time, we examine envelope waveforms around that time for stations that have signal-to-noise ratios of at least 1.5. For cases with coherent signals and reasonable moveouts, we select the peak times that best represent the station-to-station relative timing of energy packets and treat them as S wave arrival times. This approach is dictated by the emergent nature of NVT and small signal-to-noise ratios, but we estimate that the median picking uncertainty is less than 1 s based on evaluation of over 100 waveforms.
[15] Previous NVT studies have commonly relied on higher station coverage to utilize automated cross-correlation routines to scan for NVT source locations within vast data sets [Kao and Shan, 2004; Obara, 2002; Wech and Creager, 2008] . The prevalence of local earthquakes inhibits an automated determination of NVT source locations in Oaxaca, as particular scrutiny of spectrograms is needed to discriminate between bursts of NVT and small local earthquakes. As one might expect, we find it is far more common for earthquakes to be identified with this STA/LTA selection routine than in Cascadia [Boyarko and Brudzinski, 2010] , such that care is needed to separate these cases from that of tremor. Moreover, the limited density of stations requires that seismograms are examined in detail to verify source locations are derived from clear, coherent NVT signals. In fact, attempts to refine the pick times using cross-correlation of the envelope seismograms result in location errors approximately a factor of 2 larger than when we visually refine peak times. We suggest this is due to the relatively large station spacing (∼80 km) compared with previous studies, which results in more variable envelope waveforms from station to station, but we cannot rule out that our phase picking approach is subjective and underestimates location errors by up to a factor of 2.
[16] When a coherent NVT burst is observed at a minimum of four stations (five for the focused analysis of the July 2006 episode), the analyst-refined arrival times are used to invert for a source location using a 1D regional S wave velocity model that accounts for the presence of rocks from the Acatlan metamorphic complex of the Oaxaca region [Valdes et al., 1986] . The source inversion is performed using the computationally efficient ELOCATE algorithm [Hermann, 2004] , which also produces nominal uncertainties based on incoherence between arrival times. We also recalculated locations many times by randomly adjusting arrival times between −1.0 and 1.0 s to estimate the location uncertainty potentially due to picking error, finding the locations differed on average 3 km in the horizontal direction and 10 km in the vertical direction. In addition, we obtained formal location uncertainty estimates based on bootstrap location reliability [Efron, 1979; Wech and Creager, 2008] . For each event we iteratively remove each station from the input arrival times, one at a time, and search for a location. We interpret the median of the resulting cloud of locations as the source centroid epicenter with an error estimated by the median absolute deviation. We tested this scheme against the wave trains of 15 local earthquakes during the July 2006 episode that were detected and located with our semiautomated technique. Despite the fact that many of the events occurred at the edge of our network, this test found that two-thirds of the earthquake locations from our method lay within 15 km of the epicenters determined with the Antelope Software package [Jensen et al., 2008] , with a median epicentral difference of 13 km. To help focus on our best resolved locations in our discussion of patterns in NVT source locations, we only interpret the events with all forms of uncertainty less than 
Spatial and Temporal Distribution of Tremor Sources in Oaxaca
[17] We have successfully determined tremor source locations using the semiautomated processing technique for each of the 18 prominent episodes identified in mean amplitude processing. The epicentral distributions indicate that the tremor source region hops back and forth along strike over time (Figure 6 ), focusing around the 40 km contour of the plate interface. Most episodes analyzed in this study last for ∼3 days and result in a distribution of epicenters about 50 km wide. A few episodes that last upwards of a week result in larger distributions of ∼120 km width (Figures 6a and 6p ). Although these measurements linking source area to duration are limited, these results appear to be consistent with previous results in other regions that find the moment associated with ETS is proportional to duration [e.g., Ide et al., 2007a] .
[18] We next examine the along-strike distribution of tremor source locations in time (Figure 7 ). The source locations obtained for the different episodes displays a complicated pattern that is difficult to generalize. Figure 7 helps to illustrate that the central part of the network appears to have been slightly more active around the time of the slow slip event. We also find there are five episodes of similar along-strike extent west of 97.4°W and seven episodes of similar along-strike extent east of 96.6°W. Based on the similarity of episodes in these two regions, we calculate an approximate recurrence interval to be ∼2 months in the eastern region, and ∼3 months in the western region, although it is still possible that the slight differences in location from episode to episode indicate that the patch of tremor activity may not be identical each time. Autocorrelation analysis to search for low-frequency earthquakes and subsequent cross-correlation of similar waveforms to refine source locations may be able to further address this, but the broad station spacing could make that analysis difficult.
[19] The frequent recurrence of tremor episodes in Oaxaca is surprising considering it has not previously been observed in the neighboring Guerrero segment or in Cascadia, another warm subduction zone. However, short NVT episode recurrences on the order of 3-6 months have been observed is Nankai [e.g., Obara, 2002; Obara and Hirose, 2006] , albeit with a substantially more advanced seismic network [Okada et al., 2004; Obara et al., 2005] . The similarity between Nankai and Mexico is further revealed when one also considers that the short NVT recurrence interval we observe with seismic data is quite different from the 12-24 months recurrence of prominent GPS-detected slow slip events observed in Oaxaca over the past 10 years Correa-Mora et al., 2008 , with only slightly larger amounts of NVT activity occurring within the time period of slow slip (Figure 7) . In Nankai, so-called shortterm events with prominent NVT recur every 3-6 months without GPS detectable slip [e.g., Obara, 2002; Obara and Hirose, 2006] , while a few long-term events with GPSdetected slow slip and without much increase in tremor recurring with frequency on the order of 5 years [e.g., Hirose et al., 1999; Hirose and Obara, 2005; Ozawa et al., 2002; Schwartz and Rokosky, 2007] . The frequent episodes of NVT in Nankai have been linked to small slips only detectable on tiltmeters [e.g., Obara et al., 2004] , but there are currently no tiltmeter or strainmeter instruments operating in Oaxaca to confirm that similar small slips are occurring during the frequent NVT episodes we observe.
[20] Detailed source inversions from Nankai have found that short-term events occur primarily downdip from the long-term events. Previous source inversions for GPSdetected slow slip in Oaxaca find that the majority of slip occurs between 25 and 45 km depth on the plate interface (Figure 1 ). The tremor epicenters we have determined over the 15 months that span one GPS-detected slow slip episode occur further inland and presumably downdip from the source of slow slip. This appears to be another similarity between Oaxaca and Nankai, further suggesting that the frequent tremor episodes we observe represent so-called short-term events and the less frequent GPS-detected slow slip events represent long-term events.
[21] It is interesting to note that in the Oaxaca case, there appears to be a sparse area of tremor locations further inland from the source region of slow slip (Figure 1 ). Gaps in tremor have been observed in Nankai [e.g., Obara, 2002] and Cascadia [Kao et al., 2009] , but there does not appear to be a similar correlation between the gap in tremor and the location of long-term slow slip episodes in those regions. While the gap in tremor on Vancouver Island has been correlated with the location of historic large crustal earthquakes, there does not appear to be any large crustal earthquakes that correlate with the gap in tremor in Oaxaca.
Scanning for Tremor Sources Between the Prominent Episodes
[22] To examine the possibilities of tremor activity in the times between the prominent episodes analyzed in the previous section, we attempt a daily search to identify and locate tremor bursts over a 5 month time window. For each day from February 2007 to July 2007, we examine the nighttime hour with the largest mean amplitude in the tremor passband to look for signals emerging from the background noise that have coherent moveouts. Whenever reasonable signals are identified, analyst refined relative times are used to find a tremor burst hypocenter, and those additional events that meet our uncertainty criteria are highlighted in Figure 8 .
[23] The epicenters from the additional, less prominent tremor sources appear to be focused in a particular region over the 5 month time period, especially when compared to the distribution of prominent tremor sources over that same time period (Figure 8a ). The additional events are somewhat distributed in time despite being focused in space (Figure 8b ), but they do appear to be more common during the 2.5 monthlong slow slip event than the 2.5 months before and after. In addition to this potential temporal correlation, the locations of less prominent tremor sources primarily occur in a region about the same size as the source of slow slip, but shifted to Figure 5 . Episodes are labeled with a letter, as well as the year and the days of the year that the episode was prominent. Stations are plotted as triangles when available. White dashed oval indicates source of slow slip when NVT occurs during the GPS-detected slip. Dotted lines are isodepths of the subducting plate from analysis of seismicity [Pardo and Suarez, 1995] . Width of diamonds approximates the median uncertainty in tremor source locations. the northeast. In fact, these less prominent sources appear to help fill the area of sparse tremor in the epicenters of prominent tremor (Figure 1 ).
Detailed Source Locations of the July 2006 Tremor Episode
[24] To investigate the hypocentral distribution of Oaxaca tremor in further detail, we focus on the source locations of the best recorded episode in July 2006. This episode shows prominent NVT signals at OXPL, OXTT, OXNC, and OXSV on Julian days 197-203 (Figure 3) , which also makes it one of the longest episodes during our study period. In this episode, the majority of our source locations are based on timing at these four stations, but we require signals to be picked up on either OXET or OXEC at the far southern and eastern edge of our network to improve our location constraints.
[25] The epicenters of the best resolved NVT bursts in this episode reveal a 125 km long by 75 km wide distribution in the state of Oaxaca between 96°W and 98°W ( Figure 9 ). This patch of NVT activity is centered ∼170 km away from the trench, between the 40 km and 60 km contours of the subducting plate [Pardo and Suarez, 1995] , and it strikes NW-SE, paralleling the Oaxaca coastline and trench. NVT activity occurs significantly inland from shallow (<35 km) earthquakes and trenchward from a number of deeper (>35 km) earthquakes located with the same network [Jensen et al., 2008] (Figure 9 ). Both the inland nature of NVT locations and its occurrence in between shallow and deep earthquakes can be demonstrated by comparisons of envelope waveforms of NVT bursts with that of local earthquakes spanning the network during this week of NVT activity (Figure 3) . The comparison is particularly useful as the earthquakes in Figure 3 were detected and located with the same method as that for NVT bursts. Earthquakes near the coast have first arrivals and largest amplitudes on coastal stations OXTT or OXET (third event (Figure 3b) ), while waveforms from NVT bursts do not show first arrivals or largest amplitudes on these stations (Figure 3a) . Instead NVT waveforms typically show first arrivals and largest amplitudes on stations OXPL and OXSV near the 40 km contour. While NVT often produces similar arrivals and amplitudes on station OXNC near the 60 km contour, it does not show the distinctly earlier arrival time and larger amplitude at OXNC that the most inland deep earthquake creates (fourth event (Figure 3b) ). We also find some earthquakes have first arrivals and largest amplitudes on easternmost station OXEC (first and second events (Figure 3b) ), but none of the NVT waveforms from the July 2006 episode show this property. Based on these comparisons and taking into account our location uncertainty, we are confident that epicenters of prominent NVT activity during the July 2006 episode are restricted to 130-210 km from the trench (between the 40 and 60 km contours) and only occur in the western part of our network during this episode.
[26] NVT activity is focused during approximately 1 week, between days 197 (July 16) and 203 (July 22) of 2006 (color scale (Figure 9) ). There appear to be 2 clusters of NVT activity in space and time. A cluster of events around the beginning of day 198 can be seen from 0 to 40 km distance west of the cross-section line, while another cluster around the beginning of day 201 occurs from 0 to 60 km east of the cross-section line. We can confirm this space-time relationship with envelope waveforms that show western station OXNC typically has the earliest arrival times and largest amplitudes on days 197 and 198 (first 2 events (Figure 3a) ), while central station OXSV typically has the earliest arrival (Figure 3a) ). In addition to these 2 primary clusters, we also see evidence for events shifting slightly westward from day 197 to 199 based on arrival times of OXSV becoming later relative to OXNC, which is the opposite direction one would expect if events gradually migrated from one cluster toward the other. This apparent jumping in NVT source locations over a region of previous activity has been documented in Cascadia and Nankai [e.g., Kao et al., 2006; Shelly et al., 2007] .
[27] The depths of individual NVT burst hypocenters are illustrated in cross-section A-A′ (Figure 10 ). Depths range from 27 to 54 km, with a median depth of 41 km and median combined uncertainty of 10 km. The plate interface based on that of Pardo and Suarez [1995] in the distance range where our NVT locations occur is between 40 and 53 km, suggesting that the depths of NVT sources could be consistent with them occurring on the plate interface. Yet we do not see a statistically significant dip in the distribution of NVT hypocenters, such that events near 200 km distance Figure 7 . Less prominent tremor sources concentrate to the northeast of slow slip (dashed oval) and fill a sparse area in the distribution of prominent tremor sources. Dotted lines are isodepths of the subducting plate from analysis of seismicity [Pardo and Suarez, 1995] . (b) Along-strike distribution of tremor sources using the symbols from Figure 8a and the layout of Figure 7 . Less prominent tremor appears to be more prevalent during the 2.5 month slow slip event than the 2.5 months before and after.
appear to be at least 10 km and as much 20 km above the plate interface. Two potential explanations for this discrepancy are (1) some NVT events occur within the upper plate, potentially reflecting fluid flow or a distributed shear zone [e.g., Kao et al., 2005] , or (2) the dip of the plate interface is shallower in this region of Oaxaca. To consider the latter alternative, we have plotted a shallower interface model [Franco et al., 2005] , which is based on a 2-D gravity and magnetic model as well as some intraslab seismicity. Compared to this model, nearly all NVT locations occur below the plate interface. A plate interface with a dip in between these two models would be the most consistent with our NVT locations, and appears to be consistent with examination of locally recorded seismicity [Jensen et al., 2008] , but the fact remains that the plate interface and NVT locations are not currently well constrained enough in this region to propose NVT in Oaxaca is either restricted to the plate interface or prevalent above it.
Discussion
[28] Source locations from the July 2006 episode allow us to place NVT in the context of other recently identified features associated with the subduction of the Cocos plate. Of these features, the one that spatially correlates well with the locations of NVT is an area of high conductivity (Figure 10 ), identified from 2-D modeling of a profile of magnetotelluric measurements [Jödicke et al., 2006] (Figure 1 ). This area of high conductivity was interpreted as a location where slab derived fluids released by progressive metamorphic dehydration of the basaltic oceanic crust are stored within the overlying deep continental crust. The fact that our NVT locations occur precisely within this anomaly supports the notion that the physical process responsible for NVT is related to fluid release from the slab [e.g., Katsumata Figure 9 . Estimates of the plate interface are from Pardo and Suarez [1995] (solid line) and Franco et al. [2005] (dotted line). Extent of the 1978 megathrust earthquake (thick black line) and areas of >100 mm slip during two recent slow slip episodes (thick white line) are also shown. Red arrows denote temperature estimates on the plate interface [Currie et al., 2002] . Blue region is an ultra-slow velocity layer that is absent beyond 200 km distance. Yellow circles indicate high conductivity zones (<30 ohm m −1 ) after Jödicke et al. [2006] . and Kamaya, 2003; Schwartz and Rokosky, 2007] . The fact that tremor is not observed in either of the other two high conductivity zones suggests that other conditions necessary to produce tremor are not met in the other two regions, such as not being within a transitional zone of frictional behavior on the plate interface.
[29] GPS measurements of surface deformation from the Oaxaca segment have been modeled to characterize episodic slow slip along the subduction interface in this region as well [Correa-Mora et al., 2008; . One slow slip event finished in Oaxaca ∼1 month before the time period we analyzed, and another slow slip event occurred during the time period we anaylzed. When we compare the location of the two detected slow slip events to the hypocenters of the best recorded NVT episode, we find that slow slip occurs primarily trenchward and updip from the NVT (Figure 10 ). This supports the hypothesis that the Oaxaca region is behaving in a similar way to Nankai, where infrequent GPSdetected slow slip events occur updip from the locations of frequent NVT episodes. This pattern may be occurring in other areas of Mexico, as NVT locations based on a linear array in Guerrero suggest they also occur inland from GPSdetected slow slip [e.g., Domínguez et al., 2006; Larson et al., 2004; Payero et al., 2008] .
[30] Since large GPS-detected slow slip events are displaced updip from NVT, they are not spatially correlated with a high conductivity zone in the overlying deep crust. Instead, they are associated with an observation of an ultraslow velocity layer detected across southern Mexico with locally recorded converted phases and teleseismic underside reflections sampling the top of the subducting plate [Song et al., 2009] (Figure 10 ). This 3-5 km thick layer is ∼40% slower than hydrated oceanic crust, suggesting it is fluidsaturated to form a high pore fluid pressure layer. High pore fluid pressures have been proposed in other settings to explain the existence of slow slip [e.g., Audet et al., 2009] , as it would be expected to greatly reduce the effective normal stress on the plate interface, promoting episodic slow slip [e.g., Rice, 2005, 2007] and dynamic triggering of tremors [e.g., Rubinstein et al., 2007] . While these detailed velocity estimates of the subducting plate are sparse in Oaxaca, a measurement slightly inland from our NVT locations finds no evidence for the ultra-slow velocity layer, suggesting the high pore fluid pressures have dissipated beyond the region where high conductivity suggests slab fluids have infiltrated the overlying continental crust (Figure 10 ). It is not clear why there is no zone of high conductivity in the same location as the ultra-slow layer as both are commonly thought to indicate the prevalence of fluids. We can only speculate that perhaps the different geophysical signatures represent different characteristics of fluid within the rock and hope that this relates to the different seismological behaviors observed.
[31] The temperature along the plate interface has also been estimated in the vicinity of this cross-section via 2-D finite element modeling that incorporate parameters appropriate for the Oaxaca region [Currie et al., 2002] . We denote the locations of three isotherms to illustrate the thermally defined seismogenic "locked" zone (100°C-350°C) and transitional zone (350°C-450°C) [e.g., Hyndman and Wang, 1993] (Figure 10 ). As was noted by Currie et al. [2002] , the thermally defined locked zone coincides well with the extent of the previous megathrust rupture in 1978 defined by aftershock locations [e.g., Singh et al., 1980; Stewart et al., 1981] . Moreover, recent modeling of GPS measurements find that this same seismogenic region is strongly locked again and appears to have accumulated enough strain for a repeat earthquake [Correa-Mora et al., 2008] . We also find that earthquakes recorded locally during the same time period as our NVT analysis concentrate at the downdip end of the seismogenic zone [Jensen et al., 2008] (Figure 10) . Intriguingly, the thermally defined transition zone corresponds almost entirely to the region of GPS-detected slow slip and high pore fluid pressures in Oaxaca, while NVT and corresponding high conductivities primarily occur further inland and presumably associated with higher temperatures on the interface. Whether the differing onsets of these zones of long-term slow slip and short-term NVT episodes are defined by temperature or other properties such as depth, petrology and fluid content will require compilation of a similar set of measurements in a variety of settings to isolate the different variables. In any case, the offset in slow slip and NVT suggest that the transition from locking to free slip may occur in more than one phase, progressing through different physical processes.
[32] Finally, we feel it is important to highlight that NVT locations are displaced 50-100 km inland from the downdip end of the seismogenic zone, as defined by a previous megathrust earthquake sequence as well as recent measurements of locking, microseismicity and temperatures. While NVT likely represents one aspect of the transition from locking to free slip, it is not necessarily adjacent to the locked zone. Thus, the updip edge of NVT locations alone should not be used to define the inland extent of rupture during future megathrust earthquakes.
Conclusion
[33] In this study, we established that NVT exists in the Oaxaca region based on spectrograms, appropriate phase moveouts, and waxing and waning of seismic energy on filtered day-long seismograms that were correlated across neighboring stations. Eighteen prominent NVT episodes that lasted upwards of a week occurred during the 15 months analyzed for this study, recurring as frequently as ∼2-3 months. We analyze NVT envelope waveforms with a semiautomated process for identifying prominent energy bursts, and analyst-refined relative arrival times are inverted for source locations. NVT burst epicenters primarily occur between the 40-50 km contours for depth of the plate interface, except in eastern Oaxaca where they shift toward the 30 km contour as the slab steepens. Source locations of the best recorded and longest NVT episode show two main clusters in the western and central parts of our network offset in time by ∼2 days. The median depth of NVT sources was 41 km, but uncertainty in the depths of the hypocenters and the plate interface make it premature to assess whether NVT is occurring on the interface or not. Nevertheless, NVT hypocenters correlate well with a high conductivity zone that was interpreted to be due to fluids released from the subducting plate. NVT is both more frequent and further inland than GPS-detected slow slip, which in turn is associated with a thin zone of ultra-slow velocity interpreted to represent high pore fluid pressure at the top of the sub-ducting plate. The zone of slow slip corresponds to the thermally defined transition zone, with megathrust earthquakes, microseismicity, and locking occurring immediately updip from it. This leaves NVT primarily in a region further inland from the thermally defined transition zone, suggesting that transition from locking to free slip may occur in more than one phase.
